INTRODUCTION
As a traditional Chinese herbal medicine, Yuanzhi (Radix Palygalae) is often used as a nerve-calming medication or an expectorant. 1 It was frequently reported that Yuanzhi (Radix Palygalae) promoted physical and mental thealth. 2 It is widely distributed in different regions of China, especially in Shanxi and Shaanxi provinces. It is cultivated and processed on a large scale in accordance with good agricultural practice (GAP) for Chinese crude drug standards, and it is usually harvested after 2-3 years of growth. 3 The processing of the raw Yuanzhi (Radix Palygalae) mainly consist of washing, sorting, drying, cutting and packaging, among which drying is most critical step that affects the active ingredients of Yuanzhi (Radix Palygalae). The typical drying methods of herbal medicines mainly include the natural drying, roasting and baking, hot-air, radiation and heat pump. [4] [5] [6] [7] [8] Regardless of the methods, temperature is one of the most important factors in the process. Yuanzhi (Radix Palygalae) contains volatile oils, alkaloids, saponins, fats and carbohydrates, in which the heat-sensitive active ingredients (oleic acid, linoleic acid, hexadecanoic acid, stearic acid, ethyl ester, saponin and polysaccharides) are prone to be oxidised and decomposed. [9] [10] [11] Thus the loss of its bioactive ingredients caused by inappropriate drying operation should be avoided. However, the conventional drying methods of herbal medicines still have some drawbacks. Therefore, the operational parameters of drying technology should be optimized in terms of its bioactive components. In the present study, six Yuanzhi (Radix Palygalae) samples were collected from different origins of China, we studied their drying processes using thermal analysis including Thermogravimetry (TG) and derivative thermogravimetry (DTG) [12] [13] [14] [15] and determined the drying kinetic parameters in order to make most of the bioactive ingredients in Yuanzhi (Radix Palygalae). Moreover, the effects of drying temperature on the bioactive ingredients of Yuanzhi (Radix Palygalae) were also investigated using a supercritical CO2 extraction (SCE) technique, a gas chromatography-mass spectrometry (GC-MS) and a fourier transform infrared spectroscopy (FTIR).
MATERIALS AND METHODS

Preparation of experimental samples
All Yuanzhi (Radix Palygalae) samples were identified by Xiangping Pei (Shanxi University of Traditional Chinese Medicine). They were pulverized into fine powder (particle size of smaller than 0.149 mm, 100 mesh) using a median-high speed HX-200A medicine powder grinder (Xi'an Metal Plant, Zhejiang, China). The Yuanzhi (Radix Palygalae) powder obtained met the requirement of quality standard that the alcohol-soluble extract (ASE) content should be more than 30%. The ASE content was determined according to the appendix XA in the Pharmacopoeia of the People ' s Republic of China.
1 Table 1 shows that the ASE content was between 36.76% and 49.64%, indicating that all the samples met the criterion. As an authentic Chinese herbal medicine, the sample from Shanxi province was highly stable and met National Quality Standards .
1
Thermogravimetric experiments
The mass loss of Yuanzhi (Radix Palygalae) during the drying process was measured at different temperatures using STA-409C thermal analyzer (Netzsch Inc., Selb, Germany). A total of 30 mg Yuanzhi (Radix Palygalae) was placed in a crucible, and then the reactor system was purged by drying gases and heated at a heating rate of 10℃/min. A mixture of nitrogen and oxygen (4∶1) was used as the simulation air in the ambient atmosphere, and the total gas flow rate was 100 mL/min. The ASE mass loss of Yuanzhi (Radix Palygalae) was assessed from room temperature to 150℃. Moreover, the mass loss was determined at two different temperature courses as follows: the temperature-programmed process from room temperature to 150℃ , and the constant temperature process at 50℃, 70℃ and 90℃, respectively. The weight loss was defined as follows: x=M/M0×100% where x is the weight loss (wt%); M is weight of sample at the random time (mg); M0 is weight of sample at the beginning (mg). The weight loss rate was defined as follows: Rw=dx/dt where Rw is the weight loss rate (%/min); t is the drying time (min).
Supercritical fluid extraction and sample analysis
It is necessary to distinguish the moisture removal from the loss of volatile matters when TG technique is used to determine the moisture content of medicinal herbs. The bioactive ingredients in volatile oil of Yuanzhi (Radix Palygalae) may be volatilized before the moisture is entirely removed. Therefore, it is necessary to evaluate the effects of drying process on volatiles in Yuanzhi (Radix Palygalae). Briefly, 24 g SXPO were dried at 50℃, 70℃ and 90℃, respectively, for 4 h in a DHG-9075A electrothermal blast drying oven (Shanghai Yihen Scientific Instruments Co., Ltd., Shanghai, China). Subsequently, these samples were placed in a 30-mL reactor of the supercritical carbon dioxide fluid extractor (SPE-SED Applied Separation Inc., Allentown, PA, USA) and undergone the extraction of volatile oil. A pressure of 45 MPa and a temperature of 35℃ were selected as the optimal operational parameters, respectively. Through the above-mentioned operation, volatile oils (denoted as SXPOVO50, SXPOVO70 and SXPO-VO90) were obtained and analyzed using a Trace-DSQ GC-MS (Thermo Fisher ScientificInc, Waltham, MA, USA). The volatile oil (denoted as SXPOVO) extracted from fresh SXPO sample was used as a control sample in the comparison. Briefly, 10 μL volatile oil extracts of SXPOVO50, SX-POVO70 and SXPOVO90 were used as the preparation samples, which were diluted with 1 mL of N-hexane. Moreover, 1.0 μL of samples was analyzed using a Trace-DSQ GC-MS equipped with DB-5MS elastic quartz capillary column (30.0 m × 250 μm × 0.25 μm). Samples were maintained at 55℃ for 1 min, and then they were heated to 240℃ at a heating rate of 3℃/min for 17 min. The carrier gas was supplied at a constant flow rate of 1.0 mL/min at 230℃, the pre-column pressure was set at 14.5 MPa, and the ratio of inlet/outlet was 20∶1. The operation parameters were set as follows: EI power of 70 eV, ion source temperature of 230℃ and scanning range from 35 to 500 amu. The bioactive ingredients of SXPO samples dried at the constant temperatures of 50℃, 70℃ and 90℃ were analyzed using FTIR (MB104, ABB Bomen Co., Quebec, Canada). Fresh SXPO sample was also analyzed for the comparison. The used resolution was 4 cm -1 , the frequency of spectra ranged from 4000 to 400 cm -1 , and the spectra were obtained from the average of 16 scans. ) and standard deviation (SD). Bigger R 2 and smaller SD represent the better suitability of the drying kinetic model. As the function of drying time, the curve of MR was used to determine the drying kinetic parameters of Yuanzhi (Radix Palygalae), which was firstly obtained based on the experimental data and then fitted by means of above-mentioned three models. Figure 1 shows the drying curves of six Yuanzhi (Radix Palygalae) samples and their corresponding ASE samples using TG tests during the temperature-pro- grammed process from room temperature to 150℃ at a heating rate of 10℃ min -1 . Figure 1A shows that the moisture content was decreased with increase of drying temperature for all samples. However, the changes of moisture content were different among the six Yuanzhi (Radix Palygalae) samples. Table 2 shows the characteristic temperatures and rates of mass loss of all samples at this stage. The peak temperature and final temperature during the drying process of different samples ranged from 78℃ to 88℃, and 122℃ to 137℃, respectively.
Kinetics of drying
RESULTS
Drying in the temperature-programmed thermal course
ASE of Yuanzhi (Radix Palygalae) contained saponins, carbohydrates and volatile oils. Only less than 1% ASE was decomposed under the drying condition of below 90℃. ASE was dried at 105℃ for 3 h before analyzed using TG. Figure 1B shows that the water loss peak did not exist. However, the rate of mass loss was significantly increased when the temperature was above 90℃ because the high drying temperature enhanced the loss rate of alcohol-soluble bioactive ingredients.
Drying in the thermal course of constant temperature Figure 2 shows the drying curves of six Yuanzhi (Radix Palygalae) samples dried at constant temperatures of 50℃ , 70℃ and 90℃ . When the temperature was increased, the mass loss was observed from all Yuanzhi (Radix Palygalae) samples due to the loss of water and volatile substances at this stage.
Effect of drying temperature on SXPO volatile oils by GC-MS analysis
The volatile oils (SXPOVO50, SXPOVO70 and SX-POVO90) were analyzed, and Table 3 lists four types of bioactive ingredients from the GC-MS results.
Effect of drying temperature on characteristics of SXPO by FTIR
Samples of SXPO50, SXPO70 and SXPO90 dried at the constant temperatures of 50℃ , 70℃ and 90℃ , as well as fresh SXPO sample were analyzed using a FT-IR. The advantage of second derivative spectra is that the overlapping peaks of the complex system can be separated, making the most significant variation visible. 18， 19 Figure 3 shows the FTIR spectra and second derivatives of FTIR spectra for dried and fresh SXPO samples as well their ASE samples. Moreover, Table 4 shows the wave numbers of characteristic absorption peaks of dried and fresh SXPO samples as well their ASE samples. Figure 4 shows the moisture ratio (MR) curves of Yuanzhi (Radix Palygalae) at the constant temperature stage. The MR was negatively correlated with the drying time at the same final temperature, whereas it was positively correlated with the final temperature at the same drying time. The higher the drying temperature was, the bigger inclination of the curve was, suggesting that the temperature was the main factor affecting the drying speed. Lewis model, Henderson & Pabis model and Page model were fitted based the MR results, and Table 5 shows the values of k, n, A, R 2 and SD obtained at the constant-temperature stage. In the Page model, the frequency factor and activation energy were calculated by the Arrhenius equation k = k0 exp (-E/RT), where k0 is the frequency factor; E is the activation energy; T is drying temperature; and R is the universal gas constant. Table 6 shows the results of requency factor and activation energy calculated by this equation.
Kinetic analysis of drying process
DISCUSSION
During the drying process of Yuanzhi (Radix Palygalae), the water vapour was gradually removed from the Yuanzhi (Radix Palygalae) surface into the carrier gas flow, and the internal water in Yuanzhi (Radix Palygalae) was also continuously diffused to the surface of sample particles. At the constant temperature stage, continuous water loss was detected from samples. The rate of mass loss was gradually decreased with the extension of time, and finally the equilibrium was achieved. The maximum rate of mass loss and peak temperature were increased with the increase of final temperature at the heating stage, however, the sample drying time was also extended. The time of mass loss rates of different Yuanzhi (Radix Palygalae) samples reaching the same value was reduced too. When the final temperature reached 90℃ , the mass change of sample was not significant at the constant-temperature stage. Some volatile bioactive substances were disappeared after drying, such as Benzene, 1, 2, 3-trimethoxy-5-(2-propenyl)-and Asarone due to the loss of some volatiles, leading to the relatively increased content of some unvolatile substances in the total volatile oils. n-Hexadecanoic acid extracted by SFE-CO2, a volatile bioactive ingredient, was 1.48% in the Yuanzhi (Radix Palygalae) sample before the drying process, and its content ranged from 6.61% to 6.88% after drying at different temperatures. The content of 2, 6, 10, 14, 18, 22-Tetracosahexaene, 2, 6, 10, 15, 19, 23-hexamethyl-, (all-E)-was 0.85% in the sample without drying, and it became 4.15%-4.58% after the drying process. Drying process directly affected the bioactive ingredient content of Yuanzhi (Radix Palygalae). According to the maximum mass loss rate of Yuanzhi (Radix Palygalae) and ASE, it was reasonable to control the temperature of Yuanzhi (Radix Palygalae) drying process below 90℃. FTIR spectra showed that Yuanzhi (Radix Palygalae) also contained the main ingredients of ASE. Apart from the difference in shape or intensity of some peaks, we did not observe any specific spectral differences be- Table 4 Characteristic absorption peaks of SXPO and its ASE from FTIR spectra Notes: ASE: alcohol-soluble extract; SXPO: Yuanzhi (Radix Palygalae) collected from Shanxi province; SXPO50: Yuanzhi (Radix Palygalae) collected from Shanxi province after being dried at 50℃; SXPO70: Yuanzhi (Radix Palygalae) collected from Shanxi province after being dried at 70℃; SXPO90: Yuanzhi (Radix Palygalae) collected from Shanxi province after being dried at 90℃; SXPO-ASE: alcohol-soluble extract of Yuanzhi (Radix Palygalae) collected from Shanxi province. Figure 4 shows the moisture ratios calculated by Page model, which were consistent with the experimental results during the entire period. According to the Page model, the k values for the samples of SXPO, GSPO and SXI-PO were consistent with those by Arrhenius equation. However, large deviations were observed from samples of HBPO, NMPO and SCPO by Arrhenius equation. The k value was basically increased with the increase of temperature, except for samples of SXIPO, HBPO and SCPO at 90℃ . Drying process of Yuanzhi (Radix Palygalae) was a mixed process of water removal and volatile component loss. The components of volatile matters and their contents were different in different Yuanzhi (Radix Palygalae) samples, leading to the specialty of medicine drying process. At the lower temperature, drying process was controlled by the water loss. With the increase of temperature, the amount of gaseous products released from the solid sample was also increased. When the drying temperature was increased to 90℃, the fat soluble constituents in Yuanzhi (Radix Palygalae) swelled, resulting in the destroyed pore structure of sample. Therefore, the diffusion resistance of moisture was increased, and the drying process of Yuanzhi (Radix Palygalae) was controlled by gas diffusion. The drying performances of Yuanzhi (Radix Palygalae) during the heating process were very important for improving the utilization efficiency of active ingredients in Yuanzhi (Radix Palygalae). Temperature was a thermodynamic property obviously affecting the drying process of Yuanzhi (Radix Palygalae). The constant-temperature drying process of Yuanzhi (Radix Palygalae) samples could be described by the Page Model, especially for the drying process at 50℃ , in which R
